JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. The hoisting machines used to erect the great churches of the Middle Ages can be known only imperfectly from existing archival sources and archaeological remains. However, two other sources can supplement our understanding. First, medieval manuscript illuminators provide visual information about the development and structure of hoisting machines-from the simple windlasses to the great treadwheels. Although constrained by the narrative tradition, patronage, and stylistic limitations, these painters are a valuable source, if used critically. Second, the living social archive of the workyard-that is, modern workers who have used these ancient machines-offers additional insights into their usage. Although they remain imperfect sources, the archives, archaeological remains, manuscript illuminations, and builders used together will enrich our knowledge of medieval hoisting machines.
We must remember that medieval artists were basically illustrating narratives-some of which happened to include building construction. For example, the founding of Rome illustrated in an Histoire universelle might emphasize the political strife and use the scene of building construction as a mere backdrop for the drama of fratricide.
This emphasis on social and political events stems from another constraint on medieval artists-the system of manuscript patronage. Since these artists were not working for themselves, their work had to reflect the preoccupations of their patrons. Aristocrats were usually more interested in seeing illuminations of elegantly attired noble patrons admiring construction sites than appreciating an attentive rendering of machines and workers' activities.
Stylistic constraints were also important. Artists were breaking from the principally symbolic expression of the Romanesque era and entering the phenomenal world of the Gothic. In their struggle with the techniques of naturalistic representation, they developed an empirical approach to perspective schemes using relative proportions. They also included fresh observations of the world in traditional scenes. Indeed, their introduction of treadwheels to illuminated construction sites by 1240 dramatically demonstrates this growing empiricism. Treadwheels are difficult to draw, however, unless shown completely in profile as in the earliest examples. This view can be drawn easily with a compass and straightedge. In views from other angles, even when artists used rudimentary forms of perspective, the elliptical form of the treadwheel, the pattern of spokes and struts, and the added complication of human figures combined to create a challenging design problem. One artist even omitted the spokes, so that the human figures could be easily viewed.2
Artists' exploration of the world was also hindered by available tools. Until the 15th century, paper was scarce and parchment expensive. New ideas had to be worked out on scraps of parchment or on wax tablets. For observations stored in the mind's eye, even the most talented artist would generalize a new and structurally complicated item like a treadwheel. The treadwheels' location also hindered study by artists, since the machines were frequently mounted under the completed roofs of cathedrals. Here, they were not visible to passersby and were obscured to closer scrutiny by the dim light under the roof.
Despite these limiting factors, some gifted and adventuresome artists did explore the workyards of medieval construction sites. Their forays are evidenced principally by their breaks with artistic tradition. Illuminators introduced new building tools and machines into their descriptions of construction. For example, they showed stone being carved by mallet and chisel and materials being raised by newly invented hoisting devices. Moreover, these artists frequently rendered certain idiosyncrasies of building construction peculiar to their regions; for example, the design and materials of the hod varied considerably from one part of Europe to the other but tended to be consistent within each region.
To support this analysis of the medieval artistic perception, I gathered 339 images primarily from western European manuscripts of various religious and secular texts.3 These manuscripts date from the 12th to the beginning of the 16th century, a chronological range that permits a comparison between Romanesque and Gothic and between northern and Italian Renaissance imagery. This broad geographic and chronological range makes possible the analysis of trends in the response to this new technology. We can discover which regions of Europe produced artists with a curious eye toward changes in building construction. By analyzing the work of exceptional artists who broke with tradition, we can compare their work with archaeological and archival evidence in this study of the medieval treadwheel.
Historical Background
Both archival and archaeological sources tell us that the Romans used mechanical hoisting devices. Vitruvius in De Architectura (X, 2, 1-10) gives a lengthy account of two types of crane, one with a single-beam jib and the other with a double-beam jib.4 In addition, two Roman relief panels from the 1st century A.D. depict treadwheels.5 3The entire catalog of images is part of a broader study of medieval building construction and artistic perception and is printed in my dissertation: "Perceptions of Technological Change: Medieval Artists View Building Construction" (State University of New York at Binghamton, 1984). For each manuscript, data were tallied giving the manuscript's library signature, provenance, the text and its author, the manuscript's patron, and pertinent characteristics of the manuscript. For each image, the folio number, format, and subject matter were noted. Then a more detailed analysis was made of the kind of building shown under construction, the various aspects of construction depicted, and the kinds of tools and machines used. This was followed by a technical critique of the artist's description of building construction. Next, the workyard hierarchy was scrutinized, and the relative size and social status, dress, and gestures of the main characters were recorded. Finally, the images were analyzed stylistically for the degree of illusionism and the dominance of pictorial concerns over an accurate description of the site. The example from the Lateran Museum shows a wheel of simple, spoked construction operated by two men charging up the slope of the inner rim. A more elaborate relief in the Vatican Museum from the Tomb of the Haterii has a Vitruvian-style treadwheel being used to construct a mausoleum.6 The wheel's design is similar to the treadwheel in the Lateran relief with spokes radiating out from a thick central shaft, with no additional struts. Also similar, but compounded here, is the inefficient use of the machine, as described by the sculptor. Attempting to increase the illusion of activity, both artists have lined up workmen one behind the other inside the treadwheel. The Lateran relief has two men, the Vatican relief at least five. Such a gang adds drama, but reduces the mechanical advantage, since the weight of the men in back detracts from the effort of the men in front.
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The treadwheel fell into disuse in western Europe during the early Middle Ages. That stone was carried by hand then is apparent from the relatively small building blocks. The reemergence of mechanical lifting devices received its most famous notice by Gervase of Canterbury when he described the rebuilding of Canterbury Cathedral after the disastrous fire of 1174. However, while he extolled at length the artistic skill and ingenuity of William of Sens, Gervase did little more than note that this master builder also "constructed ingenious machines for loading and unloading ships, and for drawing cement and stone."7 Later, Gervase described the work that preceded the terrible fall of Master William of Sens. "In the beginning of the fifth year, after he had completed the triforia and upper windows on both sides, he was preparing machines for the turning of the great vault."8 We have no more specific information on the structure or complexity of these machines, except to note that tornamentum implies winding. John Harvey has suggested that this term implies the use of a windlass or type of derrick or crane rather than a screw.9 6Landels, p. While northern pictorial literature consistently shows the spokehandled windlass, Italian artists are generally reluctant to include any hoisting machinery at all in their scenes of building construction. When they do, they prefer the crank-type windlass. This crank-type windlass appears in a 15th-century Sienese fresco painting by Spinelli Aretino'9 (see fig. 2 ). The windlass sits on a triangular wooden frame. Its long, thin shaft is only waist-high, and the workmen must bend over deeply to turn the cranks at both ends. Work at this machine would be more tiring than work at the northern spoked windlass, which is customarily shown mounted at a comfortable height. However, the extreme bent-over posture shown in the Italian fresco may be, in part, a visual metaphor for effort rather than a direct transcription of workyard practice. It also reflects Italian artists' obsession with the human form posed in extreme attitudes.
According to Lynn White, a major mechanical refinement of the crank adds a flywheel to "smooth out irregularities of impulse and get over 'dead-spots.' "20 He also notes that the first archival reference to the flywheel2' appears in the treatise of Theophilus Presbyter (dated 1122-23).22 In De diversis artibus, the author describes the equipment, ingredients, and processes required to make precious metal objects, stained glass, and illuminated manuscripts. His flywheel is attached to the axle of a small mill used for grinding gold powder.23 Two centuries later the principle of the flywheel is analyzed by Jean Buridan. In his treatise he makes an observation regarding impetus-a rotary grindstone continues turning well after force is removed.24 An elegantly drawn windlass with a flywheel is placed at the foot of the Tower of Babel in the Bedford Hours, ca. 143025 (see fig. 3 ). This double-handled crank is solidly mounted on a wooden base and placed high enough from the ground so that the two laborers need not bend over far. and dates it as late 13th century,37 although Hewett places it in the period of the tower's construction, 1220-58.38 These dates can be debated, but the machine is more significant for what additions to its structure reveal about the evolution of the windlass. When the machine was strength37Roy Spring, Up the Spire (Salisbury, 1986), p. 6. 38Hewett, p. 70. ened for heavier work, the resulting structure fell between earlier windlasses, such as those at Peterborough and Tewkesbury, and later treadwheels.
The treadwheel's appearance on construction sites in the mid-13th century represents either the final step in the technological evolution of the windlass or a resourceful reinvention of the Roman machine. The impact of Vitruvius is hard to calculate, although De Architectura was available in many monastic libraries.39 The development of the treadwheel may have been aided by the collaboration of a mechanically minded cleric, who had read Vitruvius, and an inventive master builder like William of Sens. The reinvention of the treadwheel may have been prompted, as well, by people observing the labor-saving principles of the waterwheel, which by the 13th century was found throughout Europe. This idea is reinforced by the structural similarities between the early treadwheels and contemporary waterwheels.
Archival and pictorial evidence suggests that the treadwheel was adopted only sporadically across Europe and Great Britain. Although the first archival reference comes from France in 1225, the treadwheel is not recorded in England until 1331. Artists were equally slow to include the treadwheel in their work: only three appear in the 13th century and five in the 14th, increasing to fourteen treadwheels in the 15th century. The remainder from the base of 339 images date to the early 16th century.
The Structure of the Treadwheel
The medieval treadwheel, referred to in building accounts as the magna rota, is just that-a large wheel from 14 to 16 feet in diameter with a treadway inside, generally wide enough for two people walking side by side40 (see fig. 7 ). The rim of the great wheel is connected to a thick central shaft by struts and spokes in varying configurations. The thick hemp rope,41 used to haul objects aloft, coils continuously along the central shaft, which is about 1 foot in diameter and projects other the "clasp-arm" wheel.43 In the compass-arm type, the spokes are driven directly into the shaft, in a greatly magnified version of a wagon wheel. In the clasp-arm type, the arms are arranged as chords to the wheel rim (see the Canterbury treadwheel in fig. 7 ). The primary pairs of arms flank a squared portion of the shaft and reach across the wheel's diameter. Secondary pairs of shorter arms extend from struts that brace against the primary arms near the shaft. In the Canterbury treadwheel, these struts become handholds for the laborer walking the wheel. The shaft has a round profile where the rope coils.
The clasp-arm type has several advantages. It reduces stress on the central shaft, since the shaft is not punctured around its circumference where the arms are inserted. An additional advantage is the possibility of using a thinner shaft. Structural stability for heavy loads is achieved through the arrangement of arms and struts. The more structurally sophisticated jib-arm crane was found in ports by the 14th century, and its use was widespread by the 15th century.52 Harvey describes its structure as derived from the "oblique 52Ibid., p. 326. yard used on lateen-sailed ships, forming a jib."53 It moved from seaports, where it was used to load and unload ships, to construction sites. Here, its distinctive profile became the most telling sign of construction (fig. 4) .
The loads raised by these cranes and hoisting machines were either hauled up directly or placed in containers. Ashlar blocks were raised either by sling ( fig. 3), clamps (figs. 4 and 10) , or lewis.54 Artists were reluctant to show ashlar blocks being raised by lewis. Once a lewis is embedded in a block, its three-part workings are only evident when viewed close up. The operation of slings or clamps is more obvious. Other objects being raised aloft are placed on a pallet (figs. 9 and 11) or within a sturdy basket ( figs. 1 and 10), wooden box, or barrel  (fig. 3 ). These are then attached to the thick rope of the treadwheel and usually guided aloft by another thinner rope suspended from the pallet or carrier box (figs. 9 and 11).
Pictorial sources provide valuable evidence about medieval treadwheels for which we lack archaeological remains or archival references. One such example is the double treadwheel, which has one wheel at each end of a single axle and carries materials for a single crane. Being attached to the same axle, the wheels rotate together. While double treadwheels were found on the docks, they may have also been used on construction sites. Such double treadwheels are described in the Bohemian manuscript, noted above for its precocious description of the clasp-arm treadwheel design55 ( fig. 10) . The entire apparatus with its double treadwheels seems geared to loads heavier than normal. Since the wheels rest on putlogs cantilevered from the wall, thick walls would be needed to support the machine. Doubling the load size of materials being raised to the construction zone was probably not efficient. Since early cranes did not pivot, large loads would have piled up rapidly. Moving materials to the construction zone was generally limited by the speed with which the workers could utilize the material. This is probably the most important reason for the predominance of the single treadwheel in medieval construction. 
Placement of the Treadwheels
The original placement of these windlasses and treadwheels can best be analyzed by combining archaeological and pictorial evidence. All extant hoisting machines in England are located in the towers of large churches above the vaulting and below the roof. They remained there after the building construction was completed to raise materials for subsequent repairs. Backinsell suggests that abandoning them was cheaper than dismantling them.56 Yet the present site of these hoisting machines tells us little about their location during construction.
Pictorial evidence and an astute analysis of building construction by Thomas Watson suggest that windlasses (and later treadwheels) were located at ground level inside the structure for the initial stages of large church construction.57 He cites several reasons. First, the walls of these Gothic churches were thin, incapable of supporting the combined weight of the heavy treadwheel and pallets of large ashlar blocks. Also, the walls were too narrow for the "wide-straddling legs" required of the treadwheel.58
Normally, the treadwheel was not used aloft until the massive tie beams of the roof connected the walls. Then it could be mounted on the roof beams and moved from bay to bay during construction of the vaults, as described in the archives at Westminster Abbey.59 Moving these heavy machines was made easier by prefabrication, which was also true for many other medieval wooden structures, including houses.6 Markings on key joints of the Canterbury treadwheel indicated how the sections were reunited. Thus, the machine could be dismantled totally or in part, when moved.
Additionally, until the mid-14th century or even later in some parts of Europe, these hoisting devices were capable solely of a vertical lift. Horizontal movement was not possible. This meant that blocks had to be raised directly into place.6' This could be accomplished two ways. Either a windlass or treadwheel would rest at ground level with a portable verna secured to the construction zone aloft, or a lightweight (and therefore mobile) hoist would perch at the construction zone.
Not Treadwheels are also associated with towers because such structures really necessitate hoisting equipment to bring materials aloft. In these projects, the treadwheel's location at the construction zone may reflect actual practice, as the machine could rest on massive beams spanning the crossing piers. Using a treadwheel mounted on the ground for the construction of a tower creates several hazards. First, the rope must be twice as long as the rope for a top-mounted machine. This doubles the length that must be inspected and maintained and increases the risks of the rope tangling as it coils. Second, as a load is brought aloft, the action becomes more critical as the load nears its destination. In these final stages, the movement must proceed smoothly and stop precisely. This can be achieved more easily if the person inside the wheel can hear the person directing the operations. Finally, if a load does get out of control, it can tumble disastrously on the men and machines set at ground level.
A few examples show these hoisting machines mounted on the outside of the wall with the framing balks of the machine resting on putlogs. The most notable of these is the Bohemian Bible with the double treadwheel67 (fig. 10) . Such a heavy machine would have to be mounted well below the construction level on very thick walls to secure its weight. Walls of this density would be more typical of castle or walled fortifications than cathedral construction. Proximity to the construction zone would make communications easier. On a cramped work site, this type of mounting would clear the area below, which could then be used for staging construction materials.
Mechanics and Usage of the Treadwheel
In mechanical principles, the treadwheel represents an elaboration and improvement on the windlass. In its simplest form, the windlass comprises a horizontal drum and a hand crank. The mechanical advantage of the windlass can be increased by either reducing the diameter of the drum or increasing the length of the crank's arm. The treadwheel, then, basically functions like an enormously augmented crank. The power generated by a person's arm and shoulder is replaced by the greater power of a person walking within the wheel.
The greater mechanical advantage of the treadwheel can be established mathematically through the formula V/v = R/r, where V is the velocity of the crank, v is the velocity of the weight being lifted, R is the radius of the crank, and r is the radius of the shaft.6 Thus a windlass that has a crank or spokes 16 inches long and a drum radius of 4 inches has a ratio of mechanical advantage of four to one.69 By extension, a treadwheel that has a "crank"-that is, the wheel-with a radius of 7 feet and a drum with a radius of 0.5 feet has an impressive mechanical advantage of fourteen to one. Therefore, given the dimensions in the example above, the treadwheel is three and a half times more efficient mechanically than the windlass.
With limestone weighing about 165 pounds per cubic foot and masonry mortar about 116 pounds per cubic foot,70 the labor-saving advantages of hoisting machinery are obvious. Human effort is greatly reduced. Prior to the development of this machinery, materials were carried aloft by laborers with hods, panniers, or handbarrows, climbing up planks, ladders, or hurdles. The weight limits to hand-carried ashlar were determined both by the workers' strength and by the stability of scaffolding and hurdles. In addition, the smaller blocks-necessitated by hand carriage-also increased cutting A healthy adult male laborer is able to deliver not much more than .1 horsepower, or roughly 75 watts, over an extended period of time such as several hours. In shorter bursts, however, he might produce as much as .3 horsepower, or 225 watts. If six workers were giving their best within a treadmill, they might deliver from 1.5 to two horsepower during a limited period of time, say a few minutes followed by a rest period.
Even if 20 percent is deducted to allow for friction in the bearings and the block-and-tackle rigging of the cranes, a net of from 1.2 to 1.6 horsepower remains. Since one horsepower is 550 foot-pounds per second, 1.2 horsepower is 660. To lift a one-ton stone slab 50 feet requires 100,000 foot-pounds of work, or energy. That amount could be supplied within about 151.5 seconds, or two and a half minutes, under the conditions .. Brueghel has moved enormous dockside treadwheel cranes onto his version of construction of the Tower of Babel, peopled them with an inefficient number of workers, and assumed load sizes that are not relevant to medieval building. With a team of six men, the mechanical efficiency of the machine declines, because the men in the back detract somewhat from the efforts of the men in the front. If these men are walking abreast, then Klein is still using them inefficiently. Assuming the fourteen-to-one ratio discussed above, each man is raising only about 28 pounds. Finally, few, if any, medieval cathedrals contain blocks of 1 ton.
Fortunately, we do not have to rely solely on a theoretical analysis to prove the efficiency of medieval treadwheels, because until recently the medieval treadwheel at Canterbury Cathedral was still being used. When the Bell Harry Tower was releaded during the 1970s, Keith Entwistle, a laborer at Canterbury, daily walked within the wheel, raising poles for the scaffolding, timber, and sheets of lead. Although he weighed only about 155 pounds, he claimed that the treadwheel, propelled by one or two men, could raise 8 hundredweight (British) or about 900 pounds.73 When the load proved too heavy for him to raise smoothly, a second man would hop into the wheel with him and bring up the load. However, Entwistle emphasized the awkwardness of walking next to a partner in the wheel. Each man could only balance himself by holding one set of struts and was constantly jostled by the other.
Standing by the trapdoor, another worker directed the operation and, if necessary, applied the brake. This brake was usually a simple wedge, jammed between the wheel and the flooring. None of the surviving English machines has a ratchet to prevent the load from running backward.74 Thus, a carefully orchestrated team effort was required to move the objects aloft smoothly and safely.75 Problems did occur. In one minor incident at the Canterbury treadwheel, Entwistle put his foot through a rotted plank on the treadway. A more serious accident involved a worker who was walking in the wheel when a load got out of control. He rode the wheel until he tumbled from its apex and broke his ankle. This incident prompted the British Health and Safety Commission to declare the wheel unsafe and forbid its further use. Entwistle greatly regretted this because cranking the winch that replaced the medieval treadwheel was backbreaking work.
Given the positive attitude toward the medieval treadwheel expressed by someone who actually used it, we should examine the negative associations that color our perceptions. For us, the subtext of "treadwheel" and "treadmill" is a monotonous and seemingly endless exertion of energy, expended just to remain in one place. The treadwheel has become an analogy for repetitive and unrewarding work frequently associated with assembly-line production or bureaucratic paper pushing. The work associated with the medieval treadwheel differed from these penal treadwheels in several important ways. Structurally, the medieval wheel was relatively small, with a circumference of 14 to 16 feet and wide enough for only two men. The medieval drama of the wheel contrasted completely with later penal usage. The process of the medieval wheel was not a gerbil-like routine of fifteen minutes of continuous walking, followed by an equal period of rest or other work. Rather, each load raised aloft was a discrete act, a collective effort of several workers, each having a specific role. Most significantly, the medieval treadwheel was a labor-saving device that reduced the backbreaking human effort of constructing tall buildings.
In addition, since these machines were located high above the ground, one should not overlook the relative freedom that working at great heights included. This freedom is something that ironworkers, the modern equivalent of the great cathedral builders, claim as a compensation for working aloft building today's skyscrapers and bridges. The supervisor is usually at ground level, and as Keith 
Conclusion
Although a problematic resource, medieval illuminations have added considerably to our knowledge of the history and use of treadwheels in building construction. To the archaeological void and archival ambiguity of the term ingenium, these illuminations describe two very different kinds of early windlasses: the spoke-arm type and the crank type. Furthermore, the use of these two types of windlass seems to be distinctly regional, with the spoke-arm windlass found in Britain and northern Europe and the crank windlass in Italy. Pictorial sources also include the addition of a flywheel to an Italian crank-style windlass by 1430, considerably before its description by Leonardo da Vinci. What archaeological and pictorial sources suggest is a gradual metamorphosis of the windlass into the treadwheel with the Salisbury treadwheel providing key evidence to the transition. The final leap of invention was perhaps spurred by Vitrivius's descriptions of Roman treadwheels or a critical application of the waterwheel's structure.
Once the treadwheel emerges as a distinct magna rota, illuminations clarify its evolution from the compass-arm type to the clasp-arm type. They also provide a much earlier date for this structural improvement--1380, instead of the mid-16th century date suggested by Hewett. In addition, the use of the double treadwheel in building construction is suggested in the Bohemian illumination from about 1380 ( fig. 10) .
Improvements to the static crane were made by at least 1340, when another Bohemian manuscript depicts a slewing crane (fig. 11) . Evidence for this advance is purely pictorial, although the lack of pivoting capability was obviously a major drawback. Examples from Our view of technology is conditioned by the era of robotics and by the attitude that replacing human labor with machine labor is generally cheaper and, therefore, better business. Reducing labor costs is a major component in making businesses competitive. In contrast to our modern perspective, the archives and these paintings suggest that contracts for cathedrals and castles did not necessarily go to the lowest bidder. Labor-saving machines like treadwheels and wheelbarrows continue to coexist with more labor-intensive carriers like hods and handbarrows.91 The inclusion of both in medieval manuscript illuminations could be explained as an example of artists simply adding machines as new motifs to their repertoire of traditional building images. Nevertheless, the archives suggest that old and new machinery existed together on construction sites as well. This curious lack of interest in labor-saving machines implies that the economics of building construction were managed inefficiently-at least, from a modern point of view. Perhaps some of these large royal construction projects, having tens of handbarrows to every windlass or wheelbarrow, were regarded as a form of social welfare.
Scholarly attention has focused enthusiastically on the technological revolution of the Middle Ages.9 This is a look at one aspect of it, the degree to which the changes in building-construction techniques were noted by a visually literate portion of society and the frequency with which these artists incorporated two of the most noticeable new machines into their pictorial vocabulary. Again, for the 20th-century mentality-if it's new, it's better-the relative lack of interest these artists demonstrate is appalling. Of 339 images, chosen from a broad cross section of manuscripts and texts, only twenty-nine have treadwheels or windlasses, and eighteen have wheelbarrows. Nor were building machines the only aspect of this technological revolution that was picked up slowly by artists. The windmill, for which firm archival evidence exists from the 12th century, does not appear in manuscript illumination until 1270 in an English manuscript, aptly named the Windmill Psalter.93 We must conclude that tradition weighed heavily on the artists.
The perception of invention, like the inventions themselves, required a certain climate, coupled with a few perceptive and skilled individuals who could describe these inventions in painting. Describ- ing the work done on medieval construction sites was a difficult task for artists. Their goals were fundamentally dramatic, capturing the events of history and religion in the pictorial language of posture, gesture, costume, and setting. These construction sites were frequently just backdrops for more central dramas. Machinery and the means of construction were rarely the central point. By the 14th century, though, artists demonstrate that they have absorbed the general climate of technological advance in construction, plus other areas such as agriculture, warfare, and mining.
It is not surprising that many of the most thorough descriptions of building construction appear in manuscripts commissioned by members of the growing class of wealthy merchants and craftsmenparticularly in Flanders and England-during the 14th and 15th centuries. By their patronage of manuscripts, these merchants and craftsmen imitated the aristocracy. Through their interest in the phenomenal world, they stimulated artistic exploration of the physical world. From their own experience of work, they celebrated the pictorial expression of the labor of others.
